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Abstract

Purpose: Membrane transport protein organic anion transporting polypeptide (OATP) 1B1
mediates hepatic uptake of many drugs (e.g. statins). The OATP1B1 ¢.521T>C (p. V174A)
polymorphism has reduced transport activity. Conflicting /n vitro results exist regarding whether
V174A-OATP1B1 has reduced plasma membrane localization; no such data has been reported in
physiologically relevant human liver tissue. Other potential changes, such as phosphorylation, of
the V174A-OATP1B1 protein have not been explored. Current studies characterized the plasma
membrane localization of V174A-OATP1B1 in genotyped human liver tissue and cell culture and
compared the phosphorylation status of V174A- and wild-type (WT)-OATP1B1.

Methods: Localization of V174A- and WT-OATP1B1 were determined in OATP1B1
€.521T>C genotyped human liver tissue (n=79) by immunohistochemistry and in transporter-
overexpressing human embryonic kidney (HEK) 293 and HeL a cells by surface biotinylation
and confocal microscopy. Phosphorylation and transport of OATP1B1 was determined using
32p_orthophosphate labeling and [3H]estradiol-17p-glucuronide accumulation, respectively.

Results: All three methods demonstrated predominant plasma membrane localization of both
V174A- and WT-OATP1BL1 in human liver tissue and in cell culture. Compared to WT-OATP1B1,
the V174A-OATP1B1 has significantly increased phosphorylation and reduced transport.
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Conclusions: We report novel findings of increased phosphorylation, but not impaired
membrane localization, in association with the reduced transport function of the V174A-
OATP1BL1.
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INTRODUCTION

Organic anion transporting polypeptide (OATP) 1B1 is a membrane transport protein
localized to the basolateral membrane of hepatocytes in human liver. It mediates the hepatic
uptake of many important drugs (1) (e.g., lipid-lowering statins (2-4), antibiotics (5), anti-
hypertensives (6-8), and anticancer drugs (9)) and endogenous compounds (3, 10). The role
of OATP1BL in hepatic drug disposition and transporter-mediated drug-drug interactions
(DDIs) has been increasingly recognized. Impaired OATP1B1 transport activity due to
genetic variation often causes increased systemic exposure of OATP1B1 substrates (e.g.,
statins), and leads to severe adverse events. /17 vitro, the nonsynonymous single-nucleotide
polymorphism (SNP) in OATP1B1, ¢.521 T>C (rs4149056), which results in an amino

acid substitution (Val174Ala, V174A), has significantly reduced transport activity compared
with the wild-type (WT) OATP1B1 (11-14). /n vivo, human subjects bearing this V174A-
OATP1B1 polymorphism had increased systemic exposure of many drugs that are OATP1B1
substrates including statins (15-17) and repaglinide (18). OATP1B1 ¢.521 T>C is the most
robust and important predictor of statin-induced myopathy (19), and is recognized as a
transporter polymorphism with significant clinical relevance (20).

The initial study from Tirona et al. reported that the V174A-OATP1B1 has markedly
reduced plasma membrane levels, while has similar total protein levels compared with

the WT-OATP1B1, when transporters were over-expressed in HeLa cells infected with
vaccinia virus (11). Although it is frequently cited (by >66 citations by literature search)
that the mechanism responsible for the reduced transport function of the V174A-OATP1B1
is due to reduced transporter surface localization based on this initial finding (11),
controversial results exist. Two later studies (12, 13) reported that when over-expressed

in human embryonic kidney (HEK) 293 cells using a non-viral approach, V174A-OATP1B1
had significantly reduced transport function when compared with the WT-OATP1B1,
however, was predominantly expressed on the plasma membrane. Currently, the mechanism
underlying the reduced transport function of the V174A variant of OATP1B1 (abbreviated
as V174A-OATP1B1) is obscure. It is not known whether the plasma membrane localization
of V174A-OATP1BL1 is cell-type dependent or if the conflicting results are due to different
protocols used in different laboratories. Disregarding these apparently conflicting results,
the /in vivo plasma membrane localization of V174A-OATP1B1 in physiologically relevant
hepatocytes of human liver tissue has not been characterized.

Altered post-translational modification of proteins has also been reported to be associated
with SNPs, including transport proteins. For instance, the SNP Q141K (rs2231142) in the
breast cancer resistance protein (BCRP) has altered ubiquitination-mediated degradation
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compared to the wild-type BCRP, leading to reduced plasma membrane levels of BCRP
(21). The significantly reduced transport function of the SNP A369P in the human
norepinephrine transporter (WNET) is associated with complete abolishment of the fully
glycosylated form and reduced plasma membrane localization (22). Altered phosphorylation
has also been associated with SNPs of many proteins leading to the gain or loss of
phosphorylation at the sites of genetic variation themselves or phosphorylation at adjacent
sites (23). Phosphopeptides of OATP1B1 were identified previously in a large-scale
phosphoproteomic study from a non-genotyped human liver tissue (24), suggesting that
OATP1B1 is also a phosphorylated protein. The phosphorylation status of OATP1B1 in an
in vitro cell culture system, and particularly the potential difference between V174A- and
WT-OATP1B1, have not been characterized.

The primary aims of the current study are twofold: 1) to characterize the plasma

membrane localization of V174A-OATP1B1 /n vivo in genotyped human liver tissue

and /n vitroin cell culture systems; 2) and to compare the phosphorylation status of
V174A-OATP1B1 with that of the WT-OATP1B1. Immunohistochemistry (IHC), surface
biotinylation, immunofluorescence staining followed by confocal microscopy were used to
determine the plasma membrane localization of OATP1B1. 32P-orthophosphate labeling was
used to compare the phosphorylation status between V174A- and WT-OATP1B1. Another
common variant of OATP1B1, the c. 388A>G (rs2306283, N130D) variant, has unaltered
transport function in most /n vitro studies (11-14, 25-28), while it has increased OATP1B1
protein levels in liver tissues (29). IHC of OATP1B1 expression in the c. 388A>G genotyped
human liver tissues were also evaluated for comparison purposes.

MATERIALS AND METHODS

Materials.

[3H]E,17BG (specific activity 41.4 Ci/mmol) and 32P-orthophosphate (10 mCi) were
purchased from PerkinElmer Life Science (Waltham, MA). Complete protease inhibitor
cocktail tablets, Phosstop phosphatase inhibitor tablets were purchased from Roche
Diagnostics (Indianapolis, IN). Geneticin (G418) and EZ-Link™ Sulfo-NHS-SS-Biotin
were purchased from Thermo Fisher Scientific (Carlsbad, CA). Protein A/G beads

were purchased from Santa Cruz Biotechnology (Dallas, TX). Unlabeled estradiol 17p-
glucuronide (E»17BG), lactic acid dehydrogenase (LDH) cytotoxicity kit and fetal bovine
serum (FBS) were purchased from Sigma Aldrich (St. Louis, MO). Bio-Safe Il liquid
scintillation mixture and 1,4-dithiothreitol (DTT) were purchased from Research Products
International (Mt. Prospect, IL). Other reagents, unless specified, were purchased from
Sigma Aldrich (St. Louis, MO), Thermo Fisher Scientific (Carlsbad, CA), or VWR
International (Radnor, PA).

Human liver tissue.

79 Formalin-fixed, paraffin-embedded (FFPE) archived human liver ( 42 from surgical
resection and 37 from liver biopsy) and normal kidney tissue blocks were obtained from
OUHSC Stephenson Cancer Center Biospecimen Acquisition Core and Bank from the
Department of Pathology at the University of Oklahoma Health Sciences Center. All tissues
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were pathologically determined by certified pathologists at OUHSC, among which 8 were
from surgical resections of non-cancer patients (e.g. gunshot wounds). All donor information
including age, sex and diagnosis are provided in Supplemental Table S I. Use of human
tissues was approved by the Institutional Review Board at the University of Oklahoma
Health Sciences Center.

Genotyping of human liver samples for OATP1B1 c.521 T>C and c. 388 A>G polymorphism.

Genotyping of OATP1B1 ¢.521 T>C and c. 388 A>G were conducted in all 79 liver FFPE
tissues. The FFPE tissue blocks were sliced into paraffin rolls (minimal thickness of 2

um) at the OUHSC Stephenson Cancer Center Tissue Pathology Shared Resource facilities.
Total genomic DNA was isolated from tissue slices using the Quick-DNA FFPE Kit (Zymo
Research, Irvine, CA). Samples were genotyped for the OATP1B1 ¢.521 T>C polymorphism
using the following primer pairs: forward, 5’-AAATTACCCAGTCTCAGGTATG-3’ and
reverse, 5’-TGTCCTTCTTTAGCGAAATC-3’ to produce a 339-BP product. The same
genomic DNA samples were also genotyped for the OATP1B1 ¢.388 A>G polymorphism
using the following primer pairs: forward: 5’-GCAAATAAAGGGGAATATTTCTC-3’

and reverse, 5’-AGAGATGTAATTAAATGTATAC-3’ (11) to produce a 278-BP product.
Polymerase chain reaction (PCR) was conducted using a Techne TC-312 Thermocycler
(Techne, Burlington, NJ) in a 20-ul reaction system containing 50 ng of genomic DNA
template, deoxyribonucleotide triphosphates (ANTP) (0.5 mM each), the primer pair (0.5
UM each), 1X Phusion buffer, and 2 units of Phusion DNA polymerase (Thermo Scientific,
Carlsbad, CA). The PCR was conducted at 94°C for 5 min, then 94°C for 30 s, 54°C for 2
min, and 72°C for 1 min for 40 cycles for ¢.521 T>C and at 94°C for 5 min, 94°C for 30

s, 50°C for 2 min and 72°C for 1 min for 40 cycles for ¢.388 A>G, followed by 72°C for
10 min for the final extension. PCR products were visualized on a 2% agarose gel stained
with ethidium bromide. Bands of the expected size were removed from the gel and purified
using the Zymoclean Gel DNA Recovery kit (Zymo Research, Irvine, CA). The recovered
PCR product was then sequenced using the reverse primers described above at the OUHSC
Laboratory for Molecular Biology and Cytometry Research DNA sequencing core using a
3730xI DNA Analyzer (Applied Biosystems, Foster City, CA).

Immunohistochemistry (IHC) and digital image analysis for OATP1B1 and OATP1B3.

The IHC staining was conducted by the OUHSC Stephenson Cancer Center Tissue
Pathology Shared Resource facilities using a method similar to published previously (25,
30, 31). The immunohistochemistry protocol was based on the manufacturer’s protocol for
the Leica Bond-111™ Polymer Refine Detection system (DS 98000). Briefly, FFPE tissue
blocks were cut into 4-um sections and were mounted on positively charged slides at

room temperature. After deparaffinization and rehydration with an automated Multistainer
(Leica ST5020) (Leica, Buffalo Grove, IL), slides were transferred to the Leica Bond-111™
automated IHC stainer (Leica, Buffalo Grove, IL). Antigen was retrieved at 100°C for 20
min in citrate buffer (pH 6). After blocking with normal goat serum (Invitrogen, Carlsbad,
CA), slides were incubated for 30 min with rabbit polyclonal OATP1B1 or OATP1B3
(1:12000 dilution of each) antibody that were custom-generated in our laboratory (32,

33). Titration of the OATP1B1 and OATP1B3 antibodies for IHC was performed in pilot
studies. After incubation with horseradish peroxidase (HRP)-conjugated secondary antibody,
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3, 3’-diaminobenzidine (DAB) was used to detect OATP1B1 and OATP1B3 expression.
The nuclei were counterstained using hematoxylin. The same tissue sections with blocking
buffer lacking the primary antibody served as the negative control. Human kidney tissue
was used as a negative control tissue for both OATP1B1 and OATP1B3. Hematoxylin and
eosin (H&E) staining was performed for pathological examination of tissue blocks from
each subject. Slides after IHC and H&E staining were scanned using the Aperio ScanScope
(Leica, Buffalo Grove, IL). Images of digital slides were processed using ImageScope
software (Leica, Buffalo Grove, IL).

As hepatitis C virus (HCV)-infected liver tissue and cirrhosis liver tissues have been
reported to have reduced OATP1B1 and OATP1B3 expression (34, 35), 13 HCV-positive
and 6 cirrhotic liver tissues were not included in the semi-quantitative analysis of OATP1B1
and OATP1B3 staining. For all other non-HCV and non-cirrhotic liver tissue, 2-4 images

of OATP1B1 and OATP1B3 IHC staining were captured (~300 x 300 um, 200X) in
nonmalignant areas of each liver tissue identified by a pathologist, and were processed

for subsequent semi-quantitative analysis similarly to published previously (36, 37). In
brief, for color deconvolution of IHC images, DAB and hematoxylin staining were digitally
separated using ImageJ Fiji software with a color deconvolution plugin (version 1.2; WS
Rasband, National Institute of Health, Bethesda, MD) (38), similar to previously published
(36). Deconvoluted images with DAB staining were subjected to measurement of mean
gray values, with the lower and upper thresholds set at 120 and 220 for OATP1B1 and

150 and 220 for OATP1B3, respectively. The number of nuclei in the same field were
determined from the hematoxylin staining by analyzing particle numbers using ImageJ Fiji
software. The mean gray values of OATP1B1 and OATP1B3 were then normalized by the
number of cell nuclei in the same field using a similar strategy as published previously
(37). The expression levels of OATP1B1 and OATP1B3 were determined as the average of
the gray values normalized by nuclei number from 2-4 images per liver determined. When
comparing OATP1B1 or OATP1B3 total protein levels among OATP1B1 ¢.521 TT, TC and
CC genotypes, data for homozygous c.521 CC and heterozygous ¢.521 TC were pooled
together for statistical purposes due to the low number of donors (total 2) that had the ¢.521
CC genotype. OATP1B1 and OATP1B3 expression in separate genotypes of ¢.521 TT, TC
and CC are provided in Supplemental Fig. S II.

Construct and transfection.

A mammalian plasmid expression vector encoding C-terminus FLAG-tagged V174A-
OATP1B1 (pCMV6-FLAG-V174A-OATP1B1) was constructed at Origene (Rockville,
MD) and was verified by sequencing. The pPCMV6-FLAG-WT-OATP1B1 vector has been
published previously (32).

Transfection and Cell culture.

HEK?293 stable cell line expressing FLAG-tagged WT-OATP1B1 was published previously
(32). The HEK293-Mock cells were kindly provided by Dr. Dietrich Keppler (10, 39). The
HEK293 stable cell line overexpressing FLAG-tagged V174A-OATP1B1 (HEK293-V174A-
OATP1B1) was established by transfection of the pPCMV6-FLAG-V174A-OATP1B1 using
Lipofectamine 2000 (Thermo Fisher, Carlsbad, CA), followed by G418 selection at 600
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pg/ml. HeLa cells were plated at a seeding density of 2.5 x 10* cells per well in a 24-well
plate coated with Poly-L-lysine. Twenty-four hours after seeding, cells were transiently
transfected with pCMV6-FLAG-WT-OATP1B1 (32) and pCMV6-FLAG-V174A-OATP1B1
using FUGENE HD transfection reagent (Promega, Madison, WI). All cells were cultured

in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS and 1% antibiotic-
antimycotic solution (AA) in a humidified atmosphere (95% O, and 5% CO,) at 37°C.
HEK?293 stable cell lines were supplemented with 600 pug/ml G418.

Transport assays.

Immunoblot.

HEK293-FLAG-WT-OATP1B1, -V174A-OATP1B1, and -Mock cells were seeded at a
seeding density of 1.5 x 10° cells/well in 24-well plates. [2H]E»17BG accumulation (1 pM, 2
min) was determined 48 h after seeding of HEK293 stable cell lines or 48 h post-transfection
of HeLa cells, as published previously (32). [3H]E,17BG accumulation was determined

by scintillation counting and normalized by protein concentration as determined by BCA
assay. To correct for differences in protein levels of WT- and V174A-OATP1B1 expressed

in the HEK293 stable cell lines and in transiently transfected HeLa cells, FLAG immunoblot
was conducted in separate triplicate wells from the same experiment, with immunoblot of
B-actin as the loading control. [3H]E»17BG accumulation was further normalized by the
protein levels of FLAG-WT-OATP1B1 and FLAG-V174A-OATP1B1 that were previously
normalized by p-actin, using a strategy similar to that published previously (31).

Immunoblotting was conducted similarly to those published previously (32, 33). Briefly,
cells were washed once with pre-warmed 1X PBS and then lysed directly with ice-cold
lysis buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% (v/v)
NP-40, 0.5% sodium-deoxycholate, and Complete™ protease inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN). Whole cell lysates (50 ug) were resolved on a 10% SDS-
PAGE (BioRad, Hercules, CA) and transferred to a nitrocellulose membrane (Santa Cruz
Biotechnology, Inc., Dallas, TX). The membrane was probed with the following antibodies:
mouse polyclonal anti-FLAG antibody (1:4000 dilution), mouse monoclonal anti-p-actin
antibody (1:5000 dilution) (Sigma Aldrich, St. Louis, MO), and mouse monoclonal anti-
GAPDH antibody (1:5000 dilution) (Santa Cruz Biotechnology, Inc., Dallas, TX). The
nitrocellulose membrane was then probed with an anti-mouse HRP-conjugated secondary
antibody (Cell Signaling, Danvers, MA). The signal was detected using Supersignal West
Dura (Pierce, Rockford, IL) with a BioRad ChemiDoc XRS imaging system (BioRad,
Hercules, CA). All primary and secondary antibodies were diluted in 1X TBST. Expression
of protein and loading control densitometry analysis was performed using Image Lab v4.1
software (BioRad, Hercules, CA).

Surface biotinylation.

Surface biotinylation experiments were conducted similarly to those published previously
(40). HEK293-FLAG-WT-OATP1B1 and -V174A-OATP1B1 cells were seeded in 100 mm?
dishes at a seeding density of 2.5 x 10° cells per dish and were grown for 48 h. HelLa

cells were seeded in 24-well plates at a seeding density of 2.5x10* cells/well and were
transfected with WT- or V174A-OATP1B1 (0.5 pg DNA/well). Surface biotinylation was
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conducted 48 h after seeding (for HEK293-WT- and -V174A-OATP1B1 stable cell lines)

or post-transfection of HeLa cells. Briefly, cells were washed three times with ice-cold
phosphate-buffered saline (PBS) containing calcium and magnesium (PBS-Ca/Mg, pH 7.5;
Corning, Corning, NY), followed by incubation with sulfo-NHS-SS-biotin (1 mg/ml) in
PBS-Ca/Mg for 1 h at 4°C. Cells were then washed three times with ice-cold PBS-Ca/Mg
containing 100 mM glycine, followed by one additional wash with ice-cold PBS with
calcium and magnesium and lysed with lysis buffer containing 10 mM Tris (pH 7.5),

150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, and Complete™ protease
inhibitor cocktail. Whole cell lysates were adjusted to 1 pug/uL, 900 pg (for HEK293

stable cell lines) or 350 ug (for HeLa cells) of which was adsorbed with NeutrAvidin

beads (Pierce, Rockford, IL) overnight at 4°C. After centrifugation at 15,000 rpm for 2

min, the supernatant was kept on ice and the NeutrAvidin beads were further washed five
times with ice-cold lysis buffer and eluted with 2X Laemmli buffer (Biorad, Hercules, CA)
containing 0.4% SDS, 50mM DTT, and 5% (v/v) B-mercaptoethanol (BME) for 1 h at room
temperature. The elution was divided into three aliquots (triplicate for HEK293 cells) or two
aliquots (duplicate for HeLa cells). The whole cell lysate before NeutrAvidin adsorption and
supernatant after the NeutrAvidin adsorption were denatured by incubation with Laemmli
buffer at room temperature for 10 min. The eluted surface biotinylated fraction (300 and
175 pg per lane for HEK293 and HelL a, respectively) and denatured whole cell lysates
before (from 50 and 20 pg whole cell lysates for HEK293 and Hel a cells, respectively)

and after NeutrAvidin bead adsorption (from 50 and 20 pg whole cell lysates for HEK293
and Hel a cells, respectively) were then resolved on a 10% SDS-PAGE gel (BioRad
Laboratories, Inc., Hercules, CA, USA) and immunoblotted with FLAG (1:4000 dilution)
and GAPDH (1:5000 dilution) antibodies. The blots were probed with a GAPDH antibody
to determine whether the biotinylated protein (surface fraction) had any intracellular protein
contamination, similar to previously published approaches (40). After incubation with goat
anti-mouse secondary antibody, immunoblot images were captured before saturation using
a BioRad Molecular XRS Imager (BioRad, Hercules, CA). Densitometry was conducted
using the Image Lab v4.1 software (Biorad, Hercules, CA). Densitometry of OATP1B1 from
the surface fraction was divided by the sum of that from surface fraction and supernatant
(after scale up to the same amount as surface fraction (i.e. from 50 to 300 pg for HEK293
cells and 20 to 175 ug for HeL a cells). Densitometry of both the 98kd main band and

minor upper band in the surface biotinylation fraction of OATP1B1 were included in

the analysis. Data are expressed as fold change vs. WT-OATP1B1 control. To verify that
NeutrAvidin beads have similar pull down efficiency toward a surface biotinylated protein
in HEK293-WT- and HEK293-V174A-OATP1B1 cells, in a separate experiment, following
surface biotinylation and NeutrAvidin adsorption, immunoblot of sodium potassium (Na/K)-
ATPase, an endogenous plasma membrane protein, was conducted with a mouse anti-alpha
1 Na/K-ATPase antibody (Abcam, Cambridge, MA) (1:10,000 dilution) in the surface and
supernatant fractions.

Immunocytochemistry.

Immunocytochemistry (ICC) experiments were performed similar to those published
previously (32), with slight modifications. Cells were grown to confluence on coverslips
coated with poly-L-lysine in 24-well plates. After fixation with ice-cold 100% methanol
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for 20 min at room temperature (RT), cells were permeabilized with 0.25% Triton X-100

in PBS for 5 min at RT and blocked with 5% milk in PBS overnight at 4°C. Cells were
co-stained with rabbit monoclonal anti-FLAG antibody (1:100 dilution, Sigma Aldrich, St.
Louis, MO) and mouse anti-alpha 1 sodium potassium (Na/K)-ATPase antibody (1:100,
Abcam, Cambridge, MA) for 2 h at 37°C. After washing three times with 1X PBS, cells
were incubated with Alexa Fluor 488-conjugated goat-anti-mouse 1gG (1:200 dilution, Life
Technologies, Grand Island, NY) and Alexa Fluor 594-conjugated goat-anti-rabbit 1gG
(1:200 dilution, Life Technologies, Grand Island, NY) for 1 h at 37°C protected from

light. After washing, nuclei were counterstained with 300 pM diamidino-2-phenylindole
(DAPI) (Life Technologies, Grand Island, NY) for 5 min at RT, and mounted on glass slides
using ProLong Gold Antifade (Life Technologies, Grand Island, NY). Images were captured
using the Olympus FV10i (Olympus Scientific Solutions Americas Corp., Waltham, MA)
at a resolution of 1024x1024 and objective of 120X (optical section of 1.02 um). Co-
localization was quantified using the Manders method (41) in the ImageJ Fiji software with
Coloc? plugin, by which the FLAG-OATP1B1 signal (red) coincident with a signal in the
green channel of Na/K-ATPase over the total intensity of FLAG-OATP1B1 was measured,
similarly as published previously (42, 43).

32p_orthophosphate labelling and immunoprecipitation.

The 32p-orthophosphate labelling method was used to determine the phosphorylation status
of WT-OATP1B1 and V174A-OATP1B1, similar to that published previously, with slight
modifications (44). Cells were plated in 100 mm? dishes coated with poly-L-lysine at a
seeding density of 2-2.5 x 10° cells per dish and allowed to grow for 48 h. Cells were

first incubated in phosphate-free DMEM containing 10% FBS for 1 h, and then were
labeled in fresh phosphate-free DMEM medium containing 32P-orthophosphate (0.1mCi/ml)
and 10% FBS for 5 h at 37°C. After washing, cells were lysed with ice-cold lysis buffer
containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, 100 mM NaF, 1%
NP40 (v/v), 0.2 mM NazgVO,4, Complete™ protease inhibitor cocktail, and Phosstop tablets.
Whole cell lysates were subjected to immunoprecipitation with mouse FLAG antibody, and
adsorbed by protein A/G beads. After washing, the immunocomplexes were eluted in 2X
Laemmli buffer at 100°C for 5 min, resolved on 10% SDS-PAGE gel and transferred to
nitrocellulose membrane. The 32P-signal on the blot was determined by autoradiography and
imaged with Molecular Imager (BioRad, Hercules, CA). Subsequently, FLAG immunoblot
(1:4000, 1 h) was conducted to determine the protein levels of FLAG-WT-OATP1B1 or
FLAG-V174A-OATP1B1. Densitometry of both the 98 kd main band and minor upper band
were determined using Image Lab v4.1 software (BioRad, Hercules, CA), similar to the
surface biotinylation assay. The densitometry of 32P-labeled OATP1B1 was normalized by
that of OATP1B1 protein levels from the same sample on the blot.

Data analysis.

Fold changes and associated standard errors (SE) of [3BH]E,17BG accumulation (Fig. 11 B
and. IV B), total (Fig. Il A and IV A) and surface levels (Fig. 11 A and V A) of OATP1B1,
and phosphorylation (Fig. VI B) in V174A-OATP1B1-expressing cells vs. WT-OATP1B1-
expressing control were estimated by linear mixed effects models with a fixed group effect
and a random effect (experiment date), allowing for group-specific variances, similarly
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as that published previously (32, 45). A two-sided p-value of < 0.05 denoted statistical
significance. SAS software (version 9.4, Cary, NC) was used for data analyses.

Immunohistochemistry of OATP1B1 and OATP1B3 in human liver tissues.

Among the 79 human liver tissues, 54 (68.4%), 23 (29.1%), and 2 (2.5%) tissues were
genotyped as ¢.521 TT homozygous, ¢.521 TC heterozygous, and ¢.521 CC homozygous,
respectively (Table I). Among the same 79 human liver tissue, 25 (31.6%), 35 (44.3%), and
19 (24.1%) tissues were genotyped as c. 388 AA homozygous, ¢.388 AG heterozygous, and
¢.388 GG homozygous (Table ). Human kidney tissue has been reported to lack OATP1B1
and OATP1B3 expression (10, 39). Thus, human kidney tissue was used as the negative
control to determine the specificity of the OATP1B1 and OATP1B3 antibodies for IHC. IHC
of OATP1B1 and OATP1B3 detected specific staining in human liver tissues (Fig. | A brown
color), but not in the negative control (Supplemental Fig. S I). Similar to what was published
previously (25), OATP1B3 was highly expressed around the central vein area (Fig. | a-c),
while OATP1B1 had a more diffused expression pattern compared to OATP1B3 (Fig. | d-f).
In the two OATP1B1 ¢.521 CC liver tissues (Fig. | A, Supplemental Fig. S X livers 41

and 58), both tissues are heterozygous for ¢.388 AG (Supplemental Table S I). OATP1B1
(Fig. I A j-1) and OATP1B3 (Fig. | A g-i) are primarily localized on the plasma membrane
in both tissues. OATP1B1 ¢.388A>G and ¢.521T>C form four haplotypes, namely *1A
(C.388A-C.521T), *1B (c.388G-¢.521T), *5 (c.388A-c.521C), and *15 (c.388G-c.521C)
(1). These haplotypes of OATP1B1 determined from the current studies are included in
supplemental Table S1. Plasma membrane localization of OATP1B1 and OATP1B3 can be
observed in all tissues with varied IHC staining intensity among tissues (Supplemental Fig.
S X). A semi-quantitative analysis was conducted to compare OATP1B1 and OATP1B3
total expression levels between the ¢.521 TT and ¢.521 TC/CC genotypes (Fig. | B and

C and Supplemental Fig. S I1). There was no significant difference in either OATP1B1 or
OATP1B3 expression levels between the ¢.521 TT and ¢.521 TC/CC genotypes. OATP1B1
expression levels in the c. 388 GG genotype were 1.5 + 1.1 fold of those in the c. 388

AA genotype (Supplemental Fig. S 11 C). OATP1B1 expression levels in *1B/1B were 1.9
+1.6 fold of those of *1A/1A) (Supplemental Fig. S 1l D). There is an increased trend

of OATP1B1 protein levels in the ¢. 388GG variant vs. the c. 388AA variant (p=0.1) and
*1B/1B vs. *1A/1A (p=0.08). However, this increase was not statistically significant.

Establishment of the V174A-OATP1B1 stable cell line in HEK293 cells.

A stable cell line expressing FLAG-V174A-OATP1B1 was first developed in HEK293 cells.
Protein levels of FLAG-V174A-OATP1B1 were determined by FLAG immunoblot and were
compared with that of FLAG-WT-OATP1B1. The FLAG antibody specifically detected both
the FLAG-tagged-V174A- and -WT-OATP1B1, but not the negative control (Supplemental
Fig. S Il A). [3H]E,17BG accumulation of FLAG-V174A-OATP1B1 had significantly
higher (~70 fold) accumulation when compared to HEK293-Mock cells (Supplemental Fig.
S 11 B).
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We next compared the [3H]E,17BG transport mediated by V174A- and WT-OATP1B1

in the HEK293-FLAG-V174A- and -FLAG-WT-OATP1B1 stable cell lines, respectively.
To take into consideration expression levels of OATP1B1 protein in the two stable cell

lines (Fig. Il A), [BH]E»17BG accumulation (pmol/mg protein) was further normalized

by the relative protein levels of V174A-OATP1B1 vs. WT-OATP1B1 as determined by
immunoblot, using a strategy similar to that published previously (31). As shown in Fig.

Il B, [BH]E»17BG accumulation (1 uM, 2 min) in the HEK293-FLAG-V174A-OATP1B1
cells was significantly reduced to 0.46 + 0.07 (mean + SE, 7=3) fold of that in the HEK293-
FLAG-WT-OATP1B1 cells, suggesting that the V174A-OATP1B1 has reduced transport
activity compared with that of the WT-OATP1B1.

Determining the plasma membrane localization of V174A-OATP1B1 and WT-OATP1B1 in
HEK?293-stable cell lines by surface biotinylation and immunofluorescence staining.

The percentage of WT- and V174A-OATP1B1 proteins expressed on the plasma membrane
vs. their respective total proteins was estimated by surface biotinylation assay, as detailed

in the Materials and Methods. FLAG-V174A- and FLAG-WT-OATP1BL1 protein levels were
determined by FLAG immunoblot of the biotinylated surface fraction and whole cell lysates
before and after Neutravidin adsorption (supernatant). There was no significant difference

in the fraction of OATP1B1 expressed on the plasma membrane between V174A- and
WT-OATP1B1-expressing HEK293 stable cell lines (#>0.05, 7=3), with a 1.0 = 0.01 fold
change in V174A-OATP1B1 expression on the surface when compared to WT-OATP1B1
(Fig. Il A). GAPDH, a cytosolic protein marker (46), was not detected in the surface
biotinylation fraction, suggesting that there was no contamination of intracellular protein

in the surface biotinylated fraction (Fig. 1l A, full blots provided in Supplemental Fig. S

IV A). Both the minor upper band (> 98 kD) and the major band (~98 kD) in the surface
fraction are FLAG-OATP1B1 as these bands were not detected in the in the surface fraction
of a negative control HEK293-Mock cells (Fig. S IV B). As shown in Supplemental Fig.
SV, surface levels of Na/K-ATPase in HEK293-V174A-OATP1BL1 cells was similar to

that in the HEK293-WT-OATP1B1 cells (~1.17-fold vs. WT control), suggesting that there
was similar NeutrAvidin adsorption/elution efficiency toward an endogenous control plasma
membrane protein Na/K-ATPase in HEK293-WT- and -V174A-OATP1BL1 cell lines.

Cellular distribution of FLAG-V174A- and FLAG-WT-OATP1B1 in HEK293 stable cell
lines was further determined by immunofluorescence staining, followed by confocal
microscopy. The FLAG antibody specifically detected the WT- and V174A-OATP1B1 in
HEK?293 stable cell lines expressing their respective transport proteins (Fig. 111 B i and
v), but not in the negative control HEK293-Mock cells (Supplemental Fig. S VI A).

Both FLAG-WT-OATP1BL1 (Fig. Il B i, red) and FLAG-V174A-OATP1B1 (Fig. IlI B v,
red) proteins were primarily expressed on the plasma membrane in transporter-expressing
HEK?293 stable cell lines, as determined by FLAG immunofluorescence staining. Na/K-
ATPase has been reported to be abundantly expressed on the plasma membrane (47), and
was used as a plasma membrane protein control for immunofluorescence staining in the
current studies. The results indicate that the Na/K-ATPase was primarily localized on the
plasma membrane (Fig. 111 B ii and vi, green), and were co-localized with the FLAG-WT-
(Fig. I B iii and iv, yellow) and FLAG-V174A-OATP1B1 (Fig. IV B vii and viii, yellow) in
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HEK293-FLAG-WT- and HEK293-FLAG-V174A-OATP1B1 stable cell lines, respectively.
The percentage of WT- and V174A-FLAG-OATP1BL1 (red) that are co-localized with Na/K-
ATPase (green) out of their respective total FLAG-OATP1B1 staining were 75.0 + 8.9 and
75.9 + 7.7% (mean £ SD from 3 separate experiments; n=3-4 fields each experiment) in
WT- and V174A-expressing HEK293 stable cell lines, respectively (Fig. 111 C); there is no
significant difference in percentage of OATP1B1 co-localized with Na/K-ATPase between
WT- and V174A-OATP1B1 (p>0.05 by student t-test).

Determining transport function and plasma membrane localization of WT- and V174A-
OATP1BL1 transiently transfected in HeLa cells.

The initial report by Tirona et al. regarding the transport function and surface levels

of V174A-OATP1B1 determined by surface biotinylation was conducted in transiently
transfected HelLa cells after vaccinia viral infection (11). The current studies used a
commercially available, non-viral reagent, FUGENE HD, for transient transfection. In
transiently transfected HeL a cells, FLAG immunoblot specifically detected FLAG-WT- and
-V174A-OATP1B1 expression in HeLa cells transfected with plasmid vectors encoding
these two proteins, respectively, but not in the reagent alone or non-transfected Hel a

cells (Fig. IV A). Protein levels of FLAG-V174A-OATP1B1 were 1.1 + 0.2 fold (mean

+ SE) of that of the FLAG-WT-OATP1B1 (Fig. IV A). To compare the transport

function of FLAG-V174A-OATP1B1 with the FLAG-WT-OATP1B1, a similar strategy
was used as in the HEK293 stable cell lines described above, i.e., normalizing the
[3H]E»17BG accumulation (pmol/mg protein) by the protein levels of FLAG-WT- and
-V174A-OATP1B1, in order to take into account differences in protein levels. As shown in
Fig. IV B, [®H]E,17BG accumulation (1 uM, 2 min) in FLAG-V174A-OATP1B1-expressing
HeLa cells was significantly reduced to 0.26 + 0.05 (mean + SE, p<0.05) of that in the
FLAG-WT-OATP1B1-expressing HeL a cells, suggesting that the V174A-OATP1B1 has
reduced transport activity compared with the WT-OATP1B1.

As shown in Fig. V A, there was no significant difference in the levels of OATP1B1
expressed on the plasma membrane between V174A- and WT-OATP1B1-expressing HelLa
cells (p>0.05, n=3), with a 1.0 + 0.1 (mean + SE, n=3) fold change in V174A-OATP1B1
surface levels when compared to WT-OATP1B1. No GAPDH, a cytosolic protein, was
detected in the surface biotinylated fraction.

The FLAG antibody specifically detected the WT- and V174A-OATP1B1 transiently
expressed in HelLa cells (Fig. VV B i and v), but not in the cells transfected with vehicle
control pPCMV-6 (Supplemental Fig. S VI B). FLAG-WT- (Fig. V B i, red) and FLAG-
V174A-OATP1B1 (Fig. V B v, red) were primarily localized on the plasma membrane

in HelLa cells. Similar to what was observed in the HEK293 stable cell lines (Fig. 111 B

ii and vi), Na/K-ATPase was primarily localized on the plasma membrane, as indicated

by fluorescence staining (Fig. V B ii and vi, green) in HeLa cells. Co-localization of Na/K-
ATPase with the FLAG-WT- (Fig. V B iii and iv, yellow) and FLAG-V174A-OATP1B1
(Fig. V B vii and viii, yellow) on the plasma membrane were observed in FLAG-WT-

and FLAG-V174A-OATP1B1-expressing Hela cells. The percentage of WT- and V174A-
FLAG-OATP1B1 (red) that are co-localized with Na/K-ATPase (green) out of respective
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total FLAG-OATP1B1 staining were 57.1+11.2 and 65.1+12% (mean + SD, from 3
separate experiments; 2-3 fields each experiment) in WT- and V174A-expressing HeLa
cells, respectively (Fig. V C); there is no significant difference in percentage of OATP1B1
co-localized with Na/K-ATPase between WT- and V174A-OATP1B1 (p>0.05 by student
t-test).

Comparison of phosphorylation status of WT- and V174A-OATP1B1 in HEK293-stable cell

lines.

The assay to determine phosphorylation of FLAG-OATP1B1 through a 32P-orthophosphate
labelling approach was first established in a pilot study using HEK293-Mock cells as the
negative control. As shown in Supplemental Fig. S V111, after 32P-orthophosphate labeling
for 5 h, phosphorylated OATP1B1 detected by autoradiography and the immunoprecipitated
(IP) total OATP1B1 proteins detected by FLAG immunoblotting were superimposable. The
32p_|abelling followed by immunoprecipitation with FLAG specifically detected FLAG-WT-
OATP1B1 in the HEK293-FLAG-WT-OATP1B1 cell line, but not in the HEK293-Mock
cells (Supplemental Fig. S VIII). The phosphorylation status of WT- and V174A-OATP1B1
was subsequently compared in HEK293-WT-OATP1B1 and -V174A-OATP1B1 stable cell
lines under the same experimental condition as in Supplemental Fig. S VIII. As shown in
Figs. VI A and B, phosphorylation of V174A-OATP1B1 was significantly increased to 1.4 +
0.1 fold of the WT-OATP1B1 (Fig. VI B, mean + SE, p < 0.05, a full representative blot is
shown in Supplemental Fig. S IV C).

DISCUSSION

Plasma membrane localization is critical for membrane transport proteins to exert their
transport function. As human liver tissue is the physiologically relevant model with which to
study hepatic OATP1B1, the current study first examined the plasma membrane localization
of V174A-OATP1B1 in genotyped human liver tissue. IHC of OATP1B1 has been reported
previously by several laboratories (10, 25), however, these studies were conducted in non-
genotyped liver tissues. The current study is the first to characterize the plasma membrane
localization of OATP1B1 using the ¢.521 T>C and c. 388A>G OATP1B1 genotyped liver
tissues and provide direct evidence showing that the V174A-OATP1B1 has predominant
plasma membrane localization on the basolateral membrane of hepatocytes, similar as the
WT-OATP1B1 (Fig. I A j-1). A quantitative proteomics approach has been used previously
to determine the membrane levels of OATP1B1 in ¢.521 T>C genotyped human liver
tissues (29). No significant difference in the absolute amount of total membrane-bound
OATP1B1 proteins, which contains both OATP1B1 bound to the plasma membrane and

to the intracellular membrane vesicles, was found between the two genotypes, ¢.521 TT
and ¢.521 CC/TC (29). Similar to this previous report (29), we observed no significant
difference in total expression levels of OATP1B1 or OATP1B3 between ¢. 521 TT and
TC/CC genotypes using semi-quantitative analysis of the IHC staining results (Fig. | B

and C and Supplemental Fig. S Il A and B). Noticing that due to the relative low allelic
frequency of the ¢. 521 CC, which is found at an allelic frequency of 14%, 11-16%, and 2%
in European-American, Japanese, and African-American populations, respectively (11, 12),
only one and two c. 521 CC homozygous liver tissue samples were identified in the previous
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(29) and current studies, respectively. Quantitative comparison of expression of OATP1B1
between the WT (¢.521 TT) and V174A-homozygous (c. 521 CC) genotypes in human liver
tissue warrants further studies by increasing the sample size using a quantitative proteomics
approach (29) or by immunoblot in genotyped liver tissues (25).

The c. 388 A>G (N130D) polymorphism of OATP1B1 has a relatively high frequency

of 30% in the European-American population (11). However, /n vitro N130D-OATP1B1
either does not affect OATP1B1 transport function (11-14, 25-28), or has moderate effects
(less than 50%) with increased (14) or decreased (48) transport function. The ¢. 521 T>C
OATP1B1 variant has demonstrated impaired transport function both /n vitro (11-14) and
in vivo (15-17); therefore, it is the main focus of current study. The current /n vitro

studies characterizing the phosphorylation status and membrane localization focused on
V174A-OATP1B1 and were not extended to N130D-OATP1BL1. /n vivo, decreased exposure
of pravastatin (6) and repaglinide (49) was observed in subjects bearing the OATP1B1
*1B/1B compared with the *1A/1A haplotype, suggesting that N130D-OATP1B1 may have
increased transport function /n vivo. Absolute protein quantification showed that OATP1B1
protein levels were significantly higher in the ¢.388 GG genotype vs. the AA genotype

(29), which may explain the apparent increased transport function of N130D-OATP1B1 /in
vivo. We also observed an increasing trend of OATP1B1 protein levels in the c. 388 GG

vs. AA genotypes and the *1B/1B vs. *1A/1A haplotypes, although these trends were not
statistically significant (29). Nevertheless, the ¢. 388 A>G variation does not seem to affect
membrane localization of OATP1B,1 as distinct membrane localization of OATP1B1 can
be observed in both the c. 388 AA and GG variants (Supplemental Table 1 and figure S

X). Similar to the OATP1B1 *5/*5 (c. 521CC), OATP1B1*15/*15 has reduced transport
function /n vitro (50) and is associated with increased plasma concentration of statins, such
as pravastatin (51), pitavastatin (51), and rosuvastatin (52, 53), in vivo. In vitro, OATP1B1
*15 is primarily expressed on the plasma membrane (50). No homozygous * 15/* 15

was identified in the current study. There is no apparent difference in plasma membrane
localization of OATP1B1 in donors bearing *1A/*1A vs. *1A/*15 or *1B/*1B vs. * 1B/* 15
(Supplemental Table 1 and figure S X), most likely because the *15 does not affect /n vivo
OATP1B1 plasma membrane localization, similar to /n vitro reports (50).

Approaches including surface biotinylation, absolute quantification of OATP1B1 in the
plasma membrane fraction, and fluorescence staining followed by confocal microscopy
have been used by several laboratories and in different cell lines to study the plasma
membrane localization of V174A-OATP1B1 (11-14). Notably, among these approaches
used, the confocal microscopy results in these studies were all reported at a qualitative level,
while the absolute quantification and surface biotinylation assays provided a quantitative
and semi-quantitative measurement of membrane expression, respectively. In HEK293
cells, using both surface biotinylation and confocal microscopy methods, Iwai reported
that V174A-OATP1B1 had similar expression levels on the plasma membrane to those of
the WT-OATP1B1 (12). Using confocal microscopy, Nozawa et al., observed a similar
predominant plasma membrane localization of V174A-OATP1B1 (13). Our results in
HEK?293 and HeLa cells using surface biotinylation and confocal microscopy (Fig. Il and
V) indicate that WT- and V174A-OATP1B1 have similar plasma membrane localization
pattern, consistent with reports by Iwai and Nozawa (12, 13). We also normalized the

Pharm Res. Author manuscript; available in PMC 2021 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crowe et al.

Page 14

WT- and V174A-OATP1B1-mediated [3H]E,17BG transport by relative surface levels of
OATP1B1. [3H]E,17BG transport mediated by V174A-OATP1B1 was 0.55 + 0.05 and
0.38 + 0.03 fold of WT-OATP1B1 after normalization by surface levels of OATP1B1 in
transporter-expressing HEK293 and HeLa cells, respectively (p<0.05). The results were
similar to that normalized by total protein levels (Fig. 11l and V).

However, reports by Tirona (11) and Kameyama (14) apparently contradict the above
mentioned studies. In HeLa cells, Tirona (2001) reported that V174A-OATP1B1 has
markedly reduced plasma membrane levels compared with the WT-OATP1B1, as
determined by surface biotinylation assay (11). However, the intracellular fraction of
OATP1B1 was not shown in the study for either wild-type or V174A. This study was
conducted in HeLa cells 16.5 h post-transduction with a vaccinia virus at a multiplicity

of infection (MOI) of 10 (11). The current study employed a widely used, commercially
available and non-viral reagent, FUGENE HD, for transfection. We found that V174A-
OATP1B1 primarily localized on the plasma membrane when transiently expressed in HeLa
cells (Fig. V), similar to what we observed in the V174A-OATP1B1-expressing HEK293
stable cell line (Fig. I11). The vaccinia virus has been reported to cause lytic infection (54)
and to induce apoptosis or necrosis in multiple cell lines, such as Chinese hamster ovary
(CHO) (55) and HelLa G cells (54). In the current study, a LDH toxicity assay in transiently
transfected HelL a cells showed negligible cytotoxicity using FUGENE (Supplemental Fig.
S 1X). As the vaccinia virus is not readily available, we were not able to repeat Tirona’s
previous study condition to determine if the contradicting results between the current and
previous reports are due to different gene expression systems. Nevertheless, our /n vitro
finding of predominant plasma membrane localization of V174A-OATP1B1 in both HelLa
and HEK293 cells is consistent with our findings in genotyped human liver tissues.

Kameyama et al. determined the plasma membrane localization of OATP1B1 using

only an immunofluorescence staining/confocal microscopy approach, and concluded that
V174A-OATP1B1 has less membrane localization than does the WT-OATP1B1, based on
the qualitative description that the V174A-OATP1B1 was observed both on the plasma
membrane and in the cytosol, while the WT-OATP1B1 was observed mainly on the
membrane (14). Membrane proteins constantly undergo internalization and recycling (56)
and it is anticipated that OATP1B1 would be observed both on the plasma membrane and
in the cytosol. We have observed cytosolic staining of WT-OATP1B1 in our previous work
(32), and as well as in the current study (Supplemental Fig. S VII A and B). In fact, both
cytosolic and membrane staining of WT-OATP1B1 was observed in a later publication from
the same laboratory (57). Therefore, in our opinion, the qualitative immunocytochemistry
staining results alone are not sufficient to draw the conclusion that V174A-OATP1B1 has
reduced plasma membrane expression compared to the WT-OATP1B1. In summary, when
determining the plasma membrane expression levels of transport proteins, it is crucial

to include a quantitative or semi-quantitative method (e.g. biotinylation) to evaluate its
membrane expression, in addition to visual verification by confocal microscopy.

OATP1B1’s transport function has previously been reported to be downregulated by protein
kinase C (PKC) activation, which has been attributed to an increase in the internalization
rate and reduction of the recycling of OATP1B1 back to the surface (58). PKC activation
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also rapidly down-regulates OATP1B3-mediated transport (33). Such reduction in OATP1B3
transport function is associated with increased phosphorylation but not altered plasma
membrane levels during the treatment time determined (33). Members of the OATP

family have been reported to have putative phosphorylation sites using computer-based
prediction (33, 59). In the current study, we showed for the first time that OATP1B1 is

a phosphorylated protein in /in vitro culture conditions (Fig. VI and Supplemental Fig. S
VIII) and that V174A-OATP1B1 has a modest but significant increase in phosphorylation
status compared with that of the WT-OATP1B1 (Fig. VI). Altered phosphorylation has

been reported to be associated with increased or decreased activity of membrane proteins,
including membrane transport proteins. For example, increased phosphorylation has been
reported to be associated with increased activity of the epithelial sodium (Na) channel

(60). Increased phosphorylation of OATP2B1 (59), the brain glutamate/aspartate transporter
GLAST-1 (61), OATP1B3 (33) and dopamine (62) and serotonin transporters (63) following
PKC activation is associated with decreased transporter function. Our study has a similar
trend as the latter where increased phosphorylation of V174A-OATP1BL1 is associated with
decreased transport function.

In previous in vitro studies describing reduced transport activity of OATP1B1 c. 521 T>C
(11, 14), V174A-OATP1B1 has been reported to have unchanged K, while has significantly
decreased Vax Values (11, 14), suggesting that the V174A variation is likely to affect

the capacity of OATP1B1-mediated transport but not the substrate affinity. However, it is
important to notice that the reduced Vp,ax Of a transporter is not always associated with
reduced plasma membrane levels. For example, decreased Vmax and unaltered surface levels
has been reported for OATP1B3 following bortezomib pretreatment (40) and rabbit intestinal
Na*-glucose transporter (SGLT1) following PKC activation (64). V174A-OATP1B1 may
have decreased transport capacity due to decreased translocation of substrate, similarly as
speculated for SGLT1 (64). Altered phosphorylation of polymorphism variants of proteins
have also been reported previously (23). Polymorphism variations occurring at amino acids
that can be phosphorylated (i.e. Ser, Thr or Tyr) can lead to the addition or abolishment

of phosphorylation at these sites. For example, the K897T SNP in the human ether-a-go-go-
related gene 1 (hERG1) gene of the Kv11.1 channel protein creates a new phosphorylation
site for AKT kinase, leading to an increase in phosphorylation of the protein (65). A
polymorphic variation can also alter phosphorylation at a site near or adjacent to the

SNP (23). In the case of the mast common polymorphism in the human insulin receptor
substrate-1 (IRS-1), variation at the amino acid that is not subjected to phosphorylation

in the G972R polymorphism of IRS-1 is associated with decreased phosphorylation of

two phosphorylation sites (Y941 and Y989) adjacent to the polymorphism (66). The
G972R-IRS-1 variant has altered association with the responsible insulin receptor kinase,
which may contribute to the altered phosphorylation of IRS-1 (66). As neither V or A

in the V174A variation is a site of phosphorylation, the increased phosphorylation in the
V174A-OATP1BL1 protein is likely to occur at some phosphorylation sites adjacent to this
variation. Scansite 2.0 (67) predicts that there are multiple phosphorylation sites adjacent to
V174A, such as S168 and Y169, which are putative phosphorylation sites by protein kinase
C and insulin receptor tyrosine kinase. Currently, the membrane topology of OATP1B1
from crystallography has not been developed. The V174, S168, and Y169 of OATP1B1 are
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predicted to be located in the 4™ transmembrane (TM) domain (68) by TMPred (69). It is
paradoxical, at first glance, that membranous amino acids are proposed as phosphorylation
sites. However, the 4™ transmembrane domain is predicted with a relative low probability
or score, which measures the prediction confidence level, compared with other TM domains
as predicted by Phobius (1) and TMPred (69), respectively (Supplemental Table S II).
Results from quantitative phosphoproteomics identifying the kinase responsible for such
altered phosphorylation of OATP1B1, as well as information about the membrane topology
of OATP1B1 from crystallography data, would provide insight into how the V174A
polymorphism enhances phosphorylation of OATP1B1.

Liver disease state has been reported to be associated with altered localization of transport
proteins and phosphorylation status of phosphoproteins. For example, Hardwick et al.
reported previously that in end-stage nonalcoholic steatohepatitis (NASH) (not fatty),
ABCC?2 appears to internalize into intracellular vesicles away from the biliary membrane
(71). Urasaki et al reported that the amount of phosphor-Akt isoforms were significantly
higher in NASH versus control livers (72). Potential effects of liver disease state on
OATP1B1 membrane localization and phosphorylation are worth being characterized in
further studies.

One of the limitations of the current study is that the causal relationship of altered
phosphorylation and reduced transport of V174A-OATP1B1 has not yet been established.
One cannot exclude the possibility that the increased phosphorylation status of V174A-
OATP1B1 may be an epiphenomenon. Characterization of the phosphorylation site(s) of
OATP1B1, identification of the phosphorylation sites of which are increased in the V174A-
OATP1B1 (by using an approach such as quantitative phosphoproteomics (73, 74),) and
testing the function of these sites by site-directed mutagenesis will ultimately provide the
direct evidence of the role of altered phosphorylation on the reduced transport function of
the V174A-OATP1B1. Such studies are ongoing in our laboratory and are beyond the scope
of the current report.

CONCLUSION

In summary, the current study for the first time reported the predominant plasma membrane
localization of V174A-OATP1B1 in human liver tissues. The lack of association of reduced
transport of V174A-OATP1B1 with reduced plasma membrane levels /n vitro suggests the
existence of other, yet unidentified mechanism(s). The V174A-OATP1BL1 has increased
phosphorylation compared to the WT-OATP1B1 in vitro, while the potential role of
phosphorylation in OATP1B1 transport function needs to be further evaluated in future
studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
OATP Organic anion transporting polypeptide
SLCO solute carrier organic anion
HEK 293 human embryonic kidney
DPBS Dulbecco’s phosphate-buffered saline
BSA bovine serum albumin
DMEM Dulbecco’s modified Eagle medium
DDI drug-drug interactions
HBSS Hanks balanced salt solution
Eo17BG estradiol 17pB-glucuronide
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Fig. 1. OATP1B1 and OATP1B3 expression in OATP1B1 c. 521 T>C genotyped human liver

tissues.

A. Paraffin-embedded liver sections (4 um) stained (brown signal) with OATP1B3 (a-c and
g-i) and OATP1B1 (d-f and j-I) antibody, detected by DAB-HRP complex. Representative
images from n=79 genotyped human liver tissue are shown. Semi-quantification of
OATP1BL1 (B) and OATP1B3 (C) expression in non-HCV and non-cirrhotic human livers
genotyped for ¢.521 TT (n=37) and TC/CC (n=23) as detailed in Materials and Methods.
Statistical analysis was conducted by student t-test.
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Fig. I1. Establishment of the HEK 293-FL AG-V174A-OATP1B1 stable cell line and comparison of
transport function between V174A- and WT-OATP1B1in HEK 293 stable cell lines.

A. FLAG immunoblot in HEK293-FLAG-WT- and —V174A-OATP1BL1 cells. Cells were
seeded in 24-well plates at a seeding density of 1.5x10° cells/well and were grown for

48 h. Whole cell lysates were subjected to FLAG immunoblot with p-actin as the loading
control. The Mixed-effect model-estimated fold change and associated SE of FLAG-V174A-
OATP1BL1 protein levels (vs. WT-OATP1B1 control) was expressed as mean £ SE (7=3 in
triplicate). B. Mixed-effect model estimated fold change and associated SE of [2H]E»17pG
(1 M, 2 min) of V174A-OATP1B1 vs. WT-OATP1B1 (*, p<0.05, =3, in 5 replicate).

In each individual experiment, [3H]E»17pG accumulation mediated by WT- or V174A-
OATP1B1 was normalized by relative OATP1B1 protein levels in whole cell lysates.
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Fig. I11. Determining plasma membrane localization of V174A- and WT-OATP1B1 in HEK 293
stable cell lines.

A. Protein levels of FLAG-WT- and FLAG-V174A-OATP1B1 in whole cell lysates (WCL),
biotinylated plasma membrane fraction, and supernatant after NeutrAvidin adsorption.
GAPDH was used as a cytoplasmic protein marker. Densitometry of WT- and V174A-
OATP1B1 was determined in each fraction. Densitometry of OATP1B1 in the surface
fraction was divided by the sum of the densitometry in the surface fraction and supernatant
after scaling up to the same amount of proteins as was used in the surface fraction. A
mixed-effect model was used to compare the surface levels of OATP1B1 between V174A-
and WT-OATP1BL. as described in the Materials and Methods. Model-estimated fold change
and associated SE of the surface expression of V174A-OATP1B1 vs. ~-WT-OATP1B1 is
shown (n=3 in duplicate or triplicate). B. Immunofluorescence staining of FLAG and
Na/K-ATPase in HEK293 stable cell lines expressing FLAG-WT-OATP1B1 (WT) and
FLAG-V174A-OATP1B1 (V174A). Co-immunofluorescence staining of FLAG-tagged WT-
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or V174A-OATP1B1 (red) and Na/K-ATPase (green) was performed in HEK293 stable

cell lines as indicated. Nuclei were counterstained with DAPI (blue). Yellow shows co-
localization of FLAG-tagged OATP1B1 and Na/K ATPase. Images were captured using

an Olympus FV10i confocal microscope. Representative images are shown from three
independent experiments. To quantify the percentage of FLAG-OATP1B1 co-localized with
the Na/K-ATPase surface marker, the Mander’s Coefficient was calculated in (C) HEK293
stable cell lines as detailed in the Materials and Methods. Data represent mean + SD (n=14
images in each group).
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Fig. IV. Comparison of transport function between V174A- and WT-OATP1B1 in transiently
transfected Hel a cells.
A. FLAG immunoblot in FLAG-WT- and FLAG-V174A-OATP1B1-expressing HeLa cells.

HelLa cells were transfected with an expression vector encoding FLAG-WT-, FLAG-
V174A-OATP1B1, or Fugene HD reagent alone. Forty-eight hours post-transfection,
FLAG immunoblot was conducted with B-actin as the loading control. The mixed-effect
model estimated fold change and associated SE in FLAG-OATP1B1 expression of V174A-
OATP1B1 vs. WT-OATP1B1 control was expressed as mean + SE (/7=3 in duplicate).

B. Mixed-effect model-estimated fold change and associated SE of [SBH]E»17BG (1 UM,

2 min) of V174A-OATP1B1 vs. WT-OATP1B1 (*, p<0.05, /=3, in triplicate). In each
individual experiment, [3H]E,17BG accumulation mediated by WT- or V174A-OATP1B1
was normalized by relative OATP1B1 protein levels in whole cell lysates.
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IFig. V. Deter mining plasma membrane localization of V174A- and WT-OATP1B1in Hel a cell
ines.

A. Protein levels of FLAG-WT- and FLAG-V174A-OATP1B1 in whole cell lysates (WCL),
biotinylated plasma membrane fraction, and supernatant after NeutrAvidin adsorption.
GAPDH was used as a cytoplasmic protein marker. Densitometry of WT- and V174A-
OATP1B1 was determined in each fraction. Densitometry of OATP1B1 in the surface
fraction was divided by the sum of the densitometry in the surface fraction and supernatant
after scaling up to the same amount of proteins as was used in the surface fraction. A mixed-
effect model was used to compare the surface levels of OATP1B1 between V174A- and
WT-OATP1B1 as described in the Materials and Methods. Model-estimated fold change and
associated SE of the surface expression of V174A-OATP1B1 vs. -WT-OATP1B1 is shown
(n=3 in duplicate). B. Immunofluorescence staining of FLAG and Na/K-ATPase in HeLa
cells transfected with FLAG-WT-OATP1B1 (WT) or FLAG-V174A-OATP1B1 (V174A).
Co-immunofluorescence staining of FLAG-tagged WT- or V174A-OATP1B1 (red) and
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Na/K-ATPase (green) was performed in transfected HeLa cells as indicated. Nuclei were
counterstained with DAPI (blue). Yellow shows co-localization of FLAG-tagged OATP1B1
and Na/K-ATPase. Images were taken using an Olympus FV10i confocal microscope at

a resolution of 1024x1024 and 120X objective. Representative images from the same
experiment are shown (/77=3 independent experiments). To quantify the percentage of FLAG-
OATP1B1 co-localized with the Na/K-ATPase surface marker, the Mander’s Coefficient was
calculated in (C) transiently transfected HelLa cells as detailed in the Methods section. Data
represent mean = SD (n=8 images in each group).
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Fig. VI. Increased phosphorylation status of OATP1B1 with V174A variant in the HEK 293
stable cell line.

A. Phosphorylation of WT- and V174A-OATP1B1. HEK293-FLAG-WT- and -VV174A-
OATP1B1 cells were seeded at a density of 2-2.5x108 cells/100mm? dish. Forty-eight hours
after seeding, cells were metabolically labelled with 32P-orthophosphate for 5 h at 37°C.
After labelling, cells were lysed and whole cell lysates (500 pg) were immunoprecipitated
(IP) with FLAG antibody and subjected to autoradiography and subsequent immunoblot
(IB) with FLAG and GAPDH antibodies. Representative images from four independent
experiments are shown. B. Densitometry of 32P-labelled WT-OATP1B1 and V174A-
OATP1B1 was normalized by its respective protein amount, as detected by FLAG
immunoblot. A mixed-effect model was used to compare the phosphorylation of OATP1B1
between VV174A- and WT-OATP1B1 as described in the Materials and Methods. Model-
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estimated fold change and associated SE of phosphorylation of V174A-OATP1B1 vs. WT-
OATP1B1 is shown (* p<0.05, n=4).
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Demographic information of human liver tissues genotyped for ¢. 521T>C and c. 388 A>G

Table I.

¢.521 T>C Genotype (n, %)

¢.388 A<G Genotype (n, %)

Total (n) ¢521TT c521TC c521CC c.388AA c.388 AG c.388 GG
Age
<55 42 28 (66.7%) 14(33.3%) 0(0.0%) 14 (33.3%) 18(42.9%) 10 (23.8%)
55-63 25 20 (80.0%) 3(12.0%) 2(8.0%) 8(32.0% 11 (44.0%) 6 (24.0%)
264 12 6(50.0%) 6(50.0%) 0(0.0%) 3(25.0%) 6(50.0% 3 (25.0%)
Sex
Female 42 29 (69.0%) 12 (28.6%) 1(2.4%) 12 (28.6%) 21 (50.0%) 9 (21.4%)
Male 37 25(67.6%) 11(29.7%) 1(2.7%) 13 (35.2%) 14(37.8%) 10 (27.0%)
Total
n 79 54 23 2 25 35 19
% 100% 68.4% 29.1% 2.5% 31.6% 44.3% 24.1%

Percentages indicate the number of each genotype out of the total in each group.
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